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Maier et al. demonstrate that, following stress, cortisol and perceived stress levels are specifically associated with effects on pathways that signal reward value and goal compatibility of choice options, respectively. Stronger immediate reward and reduced goal maintenance signaling combine to impair self-control.
INTRODUCTION
Choices between the temptation of immediate gratification and better long-term outcomes are a frequent occurrence in daily life. The ability to forgo an immediate or salient reward in order to achieve another goal (i.e., self-control) has been linked to a person's physical, social, and economic well-being (Duckworth, 2011; Moffitt et al., 2011) . Given the importance of self-control abilities in many facets of life, recent studies have begun to examine the neurobiology of self-control (Crockett et al., 2013; Hare et al., 2009 Hare et al., , 2014 Kable and Glimcher, 2007; Luo et al., 2012; McClure et al., 2004; van den Bos et al., 2014) ; but, thus far, these investigations generally have examined self-control choices in carefully controlled settings designed to minimize participant discomfort or stress. In reality, however, many important decisions are made during or immediately following stressful events that occur regularly in daily life (Smyth et al., 1998) . Experimental data demonstrate that stress can have both immediate and long-lasting effects on brain and behavior (Duckworth et al., 2012; Kandasamy et al., 2014; Lewis et al., 2014; McEwen and Morrison, 2013; Schwabe and Wolf, 2010) . Even relatively moderate and acute stressors have been shown to affect decision-making (Gathmann et al., 2014; Lempert et al., 2012; Porcelli and Delgado, 2009; Porcelli et al., 2012; Schwabe et al., 2012; Schwabe and Wolf, 2009; Starcke et al., 2008) . However, the neurobiological effects of stress on the important class of choices involving temptation and self-control remain unknown. Here we examined the impact of acute stress on brain activity during self-control choices over primary food reward, and we show that it caused multiple changes in the brain's decision circuitry that can be linked to either cortisol levels or the perception of being stressed.
Previous studies on the neuroendocrine and behavioral consequences of stress suggest that acute stress could affect choices requiring self-control in at least two ways. Stress has been claimed to impair prefrontal functions such as directing attention and inhibiting inappropriate actions, which would be fundamental for goal-based control of actions and self-control (Arnsten, 2009; Starcke and Brand, 2012) . At the same time, stress has been reported to amplify craving or wanting signals that might bias an individual toward choosing immediately rewarding options (Adam and Epel, 2007; Pruessner et al., 2004; Sinha et al., 1999) . Therefore, we hypothesized that acute stress would impair self-controlled decisions in favor of actions leading to salient and proximal reward through one or a combination of these two mechanisms.
To test this hypothesis, we combined an acute stress manipulation with a self-control decision paradigm and investigated the neural mechanisms underlying the predicted stress-induced focus on immediately rewarding options. Specifically, we used a previously established self-control task involving binary choices between primary food rewards that varied on the attributes of healthiness and taste (Hare et al., 2009) in combination with the Socially Evaluated Cold Pressor Test (SECPT) (Schwabe et al., 2008) as a means of stress induction (Figure 1 ; Experimental Procedures). Using multi-attribute food stimuli allowed us to disentangle the brain's reaction to long-term benefits, such as pursuing a goal of eating healthy, and short-term reward, for example the pleasurable taste experienced immediately upon eating the food. In addition to the stimuli themselves, we added a choice recommendation on a subset of trials to test how such external information might interact with acute stress to affect self-control. We told participants that the recommended items would be the healthier option in most trials, but that sometimes the recommendation would mislead them toward the less healthy food and, in such cases, they should override the recommendation to maintain their health goal.
Consistent with our hypothesis, we found that stressed participants' choices were more affected by short-term taste reward and that they encoded taste more strongly in portions of the amygdalae (Amygs) and ventral striatum (vStr). Furthermore, the stress manipulation increased task-dependent connectivity between these limbic regions and a portion of the ventromedial prefrontal cortex (vmPFC) that represented integrated stimulus value. This increased connectivity between vmPFC and Amyg and Str was more strongly correlated with salivary cortisol levels, an indicator of the hypothalamic-pituitary-adrenal (HPA) axis stress response, than with self-reported ratings of stress. In addition, increased stress levels were associated with decreased connectivity between vmPFC and dorsolateral prefrontal cortex (dlPFC) regions that were activated when engaging self-control. However, in this case, the changes in vmPFC-dlPFC connectivity were more strongly associated with self-reports of perceived stress level (PSL) than salivary cortisol. Thus, these two alterations in task-dependent functional connectivity within the decision network are differentially related to the HPA axis responses and psychological perceptions following acute stress. Together these findings demonstrate that acute stress induction results in parallel, and at least partially dissociable, alterations to neural decision circuits incorporating both appetitive motivation and behavioral regulation that may combine to impair the brain's ability to exercise selfcontrol in the face of temptations.
RESULTS

Stress Manipulation
We recruited individuals who reported making an effort to maintain a healthy lifestyle in terms of diet and exercise, but who still enjoyed and often consumed junk food and, thus, often faced a self-control challenge in our choice task (see Supplemental Experimental Procedures). These participants were randomly assigned to undergo the stress induction or control procedure before the decision task. Participants in the stress group reported higher PSLs on a visual analog scale (VAS) (anchors: 0, not at all and 100, extremely) immediately after the SECPT stress induction procedure than those reported in the control group following the control procedure (Z = 2.03, one-tailed p = 0.02; see Figure 2A ).
The stress and control groups did not differ significantly on any other mood ratings, but the stress group reported lower hunger levels (see Table 1 and Supplemental Experimental Procedures). Including hunger level as a control did not change any of the differences in choice behavior described below. In addition to self-report measures of experienced stress, we analyzed salivary cortisol concentrations as an indicator of the activity in the HPA axis following our acute stress manipulation. Figure 2B shows that the stress induction procedure resulted in higher maximum cortisol levels (Z = 2.19, one-tailed p = 0.01) and total cortisol responses (area under the curve [AUC]: Z = 1.87, one-tailed p = 0.03) than our control procedure. Furthermore, participants in the stress group maintained an elevated cortisol level compared to baseline (Z = 2.18, one-tailed p = 0.02) until the end of the behavioral task (+45 min). Lastly, the correlation between individual participant's PSL and AUC cortisol levels was positive, but not significant (r = 0.17, p = 0.26).
Behavior
Food consumption decisions were based more strongly on the tastiness of each option for participants in the stressed compared to control groups. On every trial, participants selected one of two food items (i.e., left or right) to potentially eat following the fMRI scan (see Figure 1 and Experimental Procedures). A logistic regression analysis testing the influence of health, taste, and recommendations on the probability of choosing the item on the left side of the screen demonstrated that, although healthiness had the strongest overall influence on choice in both groups ( Figure 2C ), stressed participants put a higher weight on the taste of the food items (taste left [i.e., chosen] t 49 = 2.13, p = 0.04; taste right [i.e., non-chosen] t 49 = À2.30, p = 0.03) than controls. However, this analysis of choices across all trials does not distinguish between decisions in which health and taste attributes are aligned and trials in which the tastier item is less healthy.
To examine the effects of acute stress on self-control behavior more directly, we tested the probability of self-control failure (choosing a more tasty, less healthy item) in the subset of trials where health and taste attributes were in conflict because the healthier item was less tasty. The participants' decisions on this subset of self-control challenge trials were correlated with Participants had 3 s to choose one of two food options on each trial, followed by a 2-6 s jittered inter-trial interval in which a health reminder symbol was displayed in the center of the screen. In most trials, the food that the participant had previously rated as being the healthier of the two options was highlighted with a white frame. This white frame represented a choice recommendation to the participant. However, participants knew that, in some cases, the less healthy item could be highlighted (last depicted trial), in which case they should override the misleading recommendation and choose the healthier item. their reports of restricted eating behavior in everyday life, such that those with more restricted eating habits made more frequent self-control choices during the task (r = 0.30, p = 0.03). To compare choice behavior on these trials between the stress and control groups, we computed a generalized linear mixed-effects model including regressors for the absolute differences between the chosen and non-chosen food items in health (H diff ) and taste (T diff ); the recommendations on each trial; and the interactions of H diff , T diff , and recommendation with group. Consistent with the analysis over all trials, this regression demonstrated that greater differences in taste between the two options resulted in more self-control failures for stressed participants compared to controls ( Figure 3A ; Z = 4.53, p = 6.05eÀ06), with the stress group failing 24% more often than controls on trials with the most extreme differences in taste. In addition, there were main effects of H diff (Z = À13.87, p < 2eÀ16), T diff (Z = 6.96, p = 3.5eÀ12), and recommendation (Z = À10.12, p < 2eÀ16) across both groups.
Next we examined how individual differences in cortisol and PSLs related to choice by extending the regression model above to include cortisol (measured as total AUC) and PSL as well as their interactions with all other factors (see Experimental Procedures and Table S1 ). This extended analysis again revealed main effects of H diff (Z = À11.09, p < 2eÀ16), T diff (Z = 5.74, p = 9.34eÀ9), and healthy recommendations (Z = À7.39, p = 1.49eÀ13) across all participants, as well as an interaction between stress group and T diff (Z = 4.23, p = 2.38eÀ05). In addition, there were significant interactions for PSL 3 H diff (Z = 2.84, p = 0.01) and PSL 3 healthy recommendations (Z = 2.47, p = 0.01), such that both were less effective in promoting self-control. Moreover, there was a three-way interaction among PSL, stress group, and T diff (Z = 2.40, p = 0.02), such that stressed participants who reported the strongest feelings of stress were most sensitive to taste attributes. Higher levels of cortisol also reduced the degree to which healthy recommendations facilitated self-control (Z = 2.31, p = 0.02), and there was another three-way interaction among cortisol, PSL, and T diff (Z = 2.19, p = 0.03), indicating that higher levels of both cortisol and PSL increased the degree to which taste attributes were associated with self-control failures. Thus, both individual PSL and cortisol levels explained additional variance in participants' choice behavior beyond the differences linked to the stress induction procedure overall.
We also investigated the effects of stress on choice reaction times (RTs) ( Table S4 ; see Supplemental Experimental Procedures for full details). These RT effects were consistent with the choice data in showing a greater impact of taste on behavior (i.e., faster RTs) in participants with higher PSL and cortisol levels (t = À3.51, p < 0.0004). However, there was also a main effect of self-control failure such that all participants were slower when choosing a tastier but less healthy option (t = 4.20, p < 0.00003), indicating that these choices were not simply the result of response inhibition failures, which should result in faster RTs (see also Table S5 for further analyses related to response inhibition).
fMRI To examine how acute stress influenced the brain's decision circuitry, we analyzed blood oxygenation level-dependent (BOLD) activity measured during the choice task using a series of general linear models (GLMs).
First, we tested for regions that reflected the value of food items at the time of choice by computing a GLM of food value (GLM-FV) that included parametric regressors representing the subjective value of the chosen and non-chosen food items on each trial. The subjective value of food items was computed by combining the weighted values for the taste and health of each food. These weights were derived from the logistic regression The average salivary cortisol levels for the stress and control groups at baseline (stressor offset + 1 min), peak (stressor onset + 25 min), directly after the choice task (stressor onset + 45 min), and at the end of the experiment (stressor onset + 70 min). Participants in the stress group had significantly greater AUC than controls (Z = 1.87, p = 0.03). (C) The bar graph depicts beta coefficient weights from a logistic regression examining the effects of taste ratings, health ratings, and recommendations for the left and right items on the probability of selecting the left item. The taste of each food had a stronger impact on choice in the stress compared to the control group (TL t 49 = 2.13, p = 0.04; TR t 49 = À2.30, p = 0.03; also see Table S5 ). All error bars indicate SEM across participants. summarized in Figure 2C and were determined individually for each participant (see Experimental Procedures for details). We found that vmPFC and several other regions represented the integrated subjective value of the chosen food for both stressed and control groups as well as the relative value difference between the chosen and non-chosen options (Table S6 ; p < 0.05, whole-brain family-wise error [FWE] corrected). There were no brain regions that significantly differed in their representations of subjective food value between the stressed and control participants after correcting for multiple comparisons. Moreover, a post hoc two-sample t test revealed no significant difference between groups in the vmPFC region of interest (ROI) used as a seed in subsequent analyses presented below (t 49 = À0.80, p = 0.42). These results suggest that acute stress did not fundamentally change the circuits involved in overall subjective value computation that have been reported by numerous studies across a wide range of decision contexts (Bartra et al., 2013; Clithero and Rangel, 2014 ).
Next, motivated by the behavioral finding that stressed participants' decisions were biased toward the taste of food items, we investigated the representation of relative taste value (taste of chosen item À taste of non-chosen item) in stressed versus control participants (see GLM of health and taste [GLM-HT] in the Experimental Procedures). We were particularly interested in the vStr and Amyg given that these limbic structures contain high densities of glucocorticoid receptors (GRs) (Ahima et al., 1991; Zoli et al., 1990) and play important roles in signaling the salience and motivational value of stimuli (Bartra et al., 2013; Cooper and Knutson, 2008; Everitt et al., 1989; Jenison, 2014; Litt et al., 2011) . Consistent with a role in signaling motivational value, the bilateral Amyg and right nucleus accumbens, a substructure of the vStr, reflected the relative taste value of chosen options more strongly in stressed compared to control participants ( Figure 3B ; p < 0.05, small volume corrected [SVC]; Table  S7 ). An exploratory whole-brain analysis revealed no further differences in relative taste encoding between stressed and control participants in other areas of the brain. Individual PSL and cortisol levels did not explain additional variance in taste-related activity within Amyg and vStr beyond the stress induction procedure; however, separating participants along a median split for cortisol level yielded results that were qualitatively similar to the stress versus control group comparison ( Figure S1A ).
In addition to testing for local representations of taste value, we examined changes in functional connectivity (psychophysiological interactions [PPIs]) when participants chose tastier items. Specifically, we tested whether connectivity with the vmPFC node of the valuation system identified in GLM-FV differed between stressed and control participants during choices in which they selected the tastier item, controlling for connectivity during choices for healthier items. We focused on the vmPFC as a seed because of previous work highlighting the central role of this region in goal-directed choice in general (Bartra et al., 2013; Clithero and Rangel, 2014) and specifically during self-regulated choice (Hare et al., 2009 (Hare et al., , 2014 . We found that positive connectivity between vmPFC and portions of our Amyg/vStr ROI was greater in stressed versus control participants when choosing the tastier item (Figure 4 ; p < 0.05 SVC). A whole-brain analysis revealed that the stress group showed greater vmPFC connectivity with several brain regions including the Amyg, vStr, and bilateral insula during tastier choices (Table S8 ; p < 0.05, whole-brain FWE corrected). Furthermore, using a multiple regression analysis, we found that the increase in vmPFC connectivity during tastier choices was more strongly correlated with individual cortisol levels compared to self-reported PSL in the striatum and extended amygdala (Figures 5C and 5D ; Table  S9 ; p < 0.05, whole-brain FWE corrected).
The stronger encoding of relative taste value in areas such as Amyg and vStr that signal the motivational value of objects (Miller et al., 2014) , together with their greater functional connectivity to vmPFC at the time of a tastier choice, suggests a potential mechanism for increasing the importance of taste in the value computation processes (Hampton et al., 2007; Jenison, 2014; Rudebeck et al., 2013) , and subsequently in the observed choices of the stressed participants, especially those with a stronger HPA axis response to the stressor. It may be that acute stress results in enhanced reward salience or stronger wanting (Berridge, The Three Factor Eating Questionnaire (TFEQ), Spielberger State-Trait Anxiety Inventory (STAI), and Behavioral Inhibition & Activation Scales (BIS/BAS) were administered in the waiting period at the end of the study. Self-reported emotion and hunger levels were measured after the stress induction procedure using a VAS on which subjects indicated their level of feeling this emotion from 0 (not at all) to 100 (very much). The item ''In control'' indicates the belief of having been in control of the stressful situation during the SECPT. All measures were non-normally distributed as indicated by a Kolmogorov-Smirnov test. Thus, we report the medians ± median absolute deviations (MAD) and assessed group differences using a Wilcoxon rank-sum test. a Note that all significant differences between stress and control and group choices remain when controlling for individual hunger level.
1996; Mahler and Berridge, 2012) for more tasty items and that these motivational signals influence decision processes. Beyond the intrinsic taste and health attributes of each food, choices and RTs in both groups were influenced by the healthy and unhealthy recommendations. To further investigate choices representing the strongest self-control challenges, i.e., refusing a recommended tastier and less healthy food, we ran an additional model (GLM of overriding unhealthy recommendation [GLM-OR] ) to test for brain areas that were associated with overcoming both misleading recommendations (i.e., inconsistent with the goal of eating healthy) and conflicting taste preferences in order to choose the healthier option. These trials represent the strongest self-control challenges because both taste preferences and recommendations promote the goal-inconsistent option. Recall that despite the enhanced signaling of relative taste value in motivation and reward circuits, participants in the stress group often still chose the healthier item. Across both stressed and control groups, activity in left dlPFC, dorsal anterior cingulate cortex (dACC), and the left superior parietal lobule (SPL) was greater when participants successfully overrode a misleading recommendation and chose the healthier but less tasty option (p < 0.05, whole-brain FWE corrected; Table S10 ). There were no regions whose activity significantly differed between the stress and control groups when participants successfully overrode misleading recommendations (but see Table S11 ).
Next we repeated our comparison of the relationship between individual differences in PSL and cortisol levels and vmPFC connectivity, but this time when choosing the healthier over the tastier option. To that end, we calculated the difference in connectivity during healthier versus tastier choices over all participants. This subtraction contrast measures increases in connectivity during choices for food items that are healthier but less tasty than the alternative (i.e., choices that required self-control). Applying the same multiple regression analysis we used for connectivity during tastier choices revealed that the degree of negative connectivity between vmPFC and dlPFC decreased as a function of participants' PSL ratings and was more closely associated with PSL than cortisol levels (Figures 5A and 5B; p < 0.05, whole-brain FWE corrected; Table S12 ). Note that this negative connectivity between left dlPFC and vmPFC is consistent with previous reports on the neural mechanisms of self-control when overcoming taste temptations (Hare et al., 2009 ). Thus, while vmPFC connectivity with Amyg and vStr during tastier choices was associated with cortisol levels and not PSL, the opposite relationship holds for vmPFC-dlPFC connectivity during healthier choices. This connectivity is correlated with PSL, but not cortisol. The dissociable links to PSL and cortisol suggest that distinct aspects of the acute stress response alter these two pathways in the decision network during self-control choices.
DISCUSSION
Our findings indicate that stress biases the decision process in the brain by altering two pathways as follows: (1) one that might signal information about the stimulus (e.g., taste), and (2) another that has been linked to context and goal maintenance (e.g., choosing healthy food). At the level of observed choices, we found that stressed participants had an increased preference for immediately rewarding stimulus attributes and that this preference increased as a function of individual perceived stress and cortisol levels. The neuroimaging data complement this behavioral finding and show that acute stress induction results The error bar plot shows the probability of self-control failure for each group as a function of the difference in taste between the two food items (jtaste left -taste rightj). Taste difference values were divided into quintiles to show the increasing probability of self-control failure in the stress group as taste difference increases (see Tables S1 and S4 ). (B) The statistical parametric maps show two regions of the vStr (left) and Amyg (right) where the correlation with relative taste value is higher in the stress compared to control group (p < 0.05 SVC; see Figure S1A and Table S7 ). The color scale represents t statistics derived from 5,000 permutations of the data. (C) The bar graph shows beta coefficients for relative taste value averaged across all voxels in an anatomical mask of the bilateral nucleus accumbens and Amyg (shown in magenta on the inset brain rendering). The correlation with relative taste value was greater in the stress compared to the control group in this anatomically defined ROI (Z = 2.67, p = 0.0069; see Figure S1B ). All error bars indicate SEM across participants.
in alterations to multiple nodes of a decision-making network that converges to represent the overall value of stimuli in the vmPFC. However, the similar effects of increased PSL and cortisol on decisions can be dissociated at the neural level by their effects on vmPFC-dlPFC and vmPFC-Amyg/vStr functional connectivity, respectively.
Acute stress induction led to a stronger influence of taste attributes on choice that was paralleled by changes in activity and connectivity patterns in Amyg and vStr. Participants in the stress group showed stronger correlations between the relative tastiness of the chosen option and BOLD activity in the Amyg and vStr compared to controls. In addition, we observed that the positive coupling of Amyg and vStr with vmPFC was associated with more immediately rewarding, taste-oriented choices, consistent with previous findings showing that activity in vStr is associated with immediate reward selection (Hariri et al., 2006) . Moreover, there was a significant positive correlation between higher cortisol levels and increased connectivity between vmPFC and Amyg/vStr when choosing a tastier food, but no relationship between this increased connectivity and PSL. This dissociation suggests that the HPA axis response to stress can have effects on neural decision circuits that are distinct from those associated with the subjective perception of being stressed. Enhanced positive coupling between vmPFC and Amyg and vStr regions may indicate the propagation of a stronger motivational signal for the tastier item into value computations. However, although previous studies have shown that activity in these areas can influence reward value coding in vmPFC regions (Hampton et al., 2007; Jenison, 2014; Rudebeck et al., 2013) , we note that the PPI analyses we conducted do not indicate the direction of signaling between regions or the presence of monosynaptic connections. Overall, these results are consistent with the idea that these Amyg and vStr signals may be linked to the influence of taste on valuation and choice.
In addition to the effects of our acute stress induction on the HPA axis and Amyg and vStr activity, we observed individual differences in the subjective perception of being stressed that correlated with self-control at the behavioral and neural levels. Specifically, we observed that as PSL increased, larger taste differences between options resulted in more self-control failures. Furthermore, participants with higher PSL were less likely to follow the health goal when it mattered most (i.e., when there was a large difference in healthiness) than lower PSL participants. These effects of PSL on behavior were paralleled by differences in connectivity between dlPFC and vmPFC when participants chose healthier over tastier options. In addition to the altered coupling between vmPFC and Amyg/vStr, we identified a second signaling pathway between vmPFC and dlPFC that showed a reduction in negative connectivity for participants with high PSL. Prior work (Hare et al., 2009; Harris et al., 2013) suggests that this dlPFC-vmPFC connection may help to modulate value comparisons and to integrate taste and health attributes in the vmPFC. A weaker modulatory connection with dlPFC might result in less effective downregulation of the impact of the taste signaling, resulting in a relative weighting for taste attributes in vmPFC that is too high given the health goal. We speculate that decreased modulation from dlPFC in combination with stronger limbic inputs may combine to create the taste influence that we observed to be more pronounced in stressed participants than in controls. This is consistent with our behavioral finding that individuals with higher levels of both perceived stress and cortisol are most likely to fail on difficult (i.e., high taste difference) self-control trials (PSL 3 cortisol 3 T diff interaction) and that PSL and cortisol levels are linked to dlPFC and Amyg/ vStr connectivity with vmPFC, respectively. Thus, stressed participants might be less willing to forego a bit of pleasure (taste) in favor of advancing their health goal because they have both a stronger taste signal entering the valuation process in vmPFC and less effective levels of connectivity between dlPFC and vmPFC compared to control participants.
Although the neurobiological effects of stress on self-control choices over secondary reward remain unknown, it has been The statistical parametric map shows areas of the vStr (upper) and Amyg (lower) where the increase in functional connectivity with vmPFC on trials in which the tastier item was chosen is greater for stress than control participants (p < 0.05 SVC; see Table S8 ). The color scale represents t statistics derived from 5,000 permutations of the data.
shown that stress affects goal-directed choices over both primary and secondary reward. The biasing of the valuation system toward immediate reward that we observed following stress may be a means of trying to maintain allostatic balance. It is interesting to consider our results in light of previous findings showing that the consumption of rewarding stimuli (e.g., palatable food) may help downregulate physiological stress reactions, in both rodents and humans (Adam and Epel, 2007) . Such drives may be particularly strong in the context of self-control choices over primary food reward. However, stress also has been reported to compromise goal-directed contributions to choices over monetary reward, biasing humans toward habitual actions (Otto et al., 2013; Wolf, 2009, 2010; Soares et al., 2012) . When viewing cues or anticipating monetary outcomes, stressed individuals show greater activity in reward regions including the amygdala, striatum, and medial prefrontal cortex (Dagher et al., 2009; Kumar et al., 2014) , and acute psychosocial stress may increase dopamine levels in the vStr (Pruessner et al., 2004) . Stress also alters risk preferences during monetary gambles in humans (Putman et al., 2010; Starcke et al., 2008; van den Bos et al., 2009) , and it can change the perception and influence of reward at the time of consumption (Lewis et al., 2014; Porcelli et al., 2012; Preston et al., 2007; Putman et al., 2010; Schwabe et al., 2012; Schwabe and Wolf, 2010; Starcke and Brand, 2012) . Moreover, stress has been associated with aggravating addiction processes (Ansell et al., 2012; Koob and Le Moal, 2008) . A common theme across many studies of acute stress is that it makes the individual more focused on the present situation. A present bias would be sensible given that, throughout evolutionary history, stress has generally occurred in situations in which an acute physical or social threat must be managed in order to ensure survival or status in a group. In such a situation, coping with the stressor and stress reaction should be prioritized. Given a constraint of limited resources, this means that achieving less pressing long-term goals would need to wait until the stressful situation has been resolved.
Stressful events that may alter behavior remain a common occurrence in modern life. Experience sampling studies have The brain rendering on the left shows the vmPFC region reflecting the subjective value of food items in red (see Table S6 ) and regions of the vStr and dlPFC from which the scatterplots in (A)-(D) are derived in magenta and green, respectively. The magenta voxels in vStr represent the conjunction between voxels showing greater taste choice PPI with vmPFC in the stress versus control participants (see Table S8 ) and those in which taste choice PPI correlates more strongly with cortisol than PSL (see Table S9 ). The green voxels in dlPFC represent the conjunction between voxels that are more active when using self-control to override taste preferences (see Table S10 ) and unhealthy recommendations and those in which healthier minus tastier food choice PPI correlates more strongly with PSL than cortisol (see Table S12 ). shown that stressful events occur frequently in daily life and even modestly taxing events have a significant impact on HPA activity and self-reported measures of stress (Jacobs et al., 2007; Smyth et al., 1998; van Eck et al., 1996) . The HPA and psychological indicators of stress found in our participants following the SECPT are in line with the levels reported in previous studies of daily-life stress responses. Following the SECPT stress induction, participants reported a mean PSL of 33% and had a mean salivary cortisol level of approximately 9 nmol/l 25 min after the stressor. These values are in line with ratings and cortisol levels reported by Smyth et al. (1998) , who collected reports of recent and anticipated stressors during the standard daily activities of 120 participants over the course of 2 consecutive days (24 samples per participant in total). These participants reported recent and anticipated stressors (e.g., family issues, personal relationships, financial and work-related problems) on more than 20% of sampled time points. These experiences were rated as 47% of maximum stress and produced cortisol responses of between 8 and 9 nmol/l after 25 min, depending on the number of concurrent stressors reported. These findings show that stressors unrelated to a specific decision occur with ample frequency in daily life, and, as we demonstrate, they may influence the response to self-control challenges that arise in close proximity to these stressful events.
The individual reaction to stress depends largely on a person's appraisal of the situation as well as their state of physical health (McEwen, 1998 ). Our results demonstrate that the effects of stress on self-regulatory behavior are driven at least in part by psychological perceptions of stress that can be dissociated from cortisol responses at the neural level, and have potential implications for diseases such as obesity, addiction, and other pathological behaviors exacerbated by stress. The effects of stress can be increased by overconsumption of tobacco, alcohol, and a rich diet, but can be reduced by healthy activities such as exercise (McEwen, 1998) . Therefore, stress response and self-control abilities may be coupled in a feedback loop: healthy dietary choices and exercise may help to regulate the stress response, while past self-control failures (e.g., overeating) may result in stronger present stress responses that again spur the drive to choose less healthy activities. Thus, treatments that promote effective coping strategies may help to prevent the detrimental effects of stress on self-control decisions by reducing perceived stress and its influence on choice behavior. Testing the degree to which the neural mechanisms underlying the impact of stress on self-regulation that we have identified here generalize to specific clinical populations and other healthy cohorts differing in age, sex, education, or other variables associated with stress sensitivity and self-control will be an important avenue for future studies designed to systematically address these factors.
Beyond determining the effects of acute stress on self-control behavior, our data highlight the importance of multiregional interactions in effectively executing self-control. Previous work has shown that activity patterns within and interactions between valuation and control regions are correlated with individual differences in self-control (Boettiger et al., 2007; Hare et al., 2009 Hare et al., , 2014 . Others have reported that inhibition of putative control regions via transcranial magnetic stimulation leads to behavioral changes in choices that may require self-control (Figner et al., 2010) , but have not shown how this affects the network beyond the area of stimulation. Our acute stress manipulation resulted in altered activity patterns in a number of brain regions and demonstrates that self-control in the context of value-based choice is maintained through a careful balance of connectivity within value computation systems and that the disruption of this balance leads to impairments in self-control decisions.
EXPERIMENTAL PROCEDURES Participants
Male individuals (n = 51) participated in the study (21 ± 2 years SD), and all participants provided informed consent as approved by the Research Ethics Committee of the Canton of Zurich. Participation eligibility was assessed in brief telephone interviews by the recruitment team of the University of Zü rich Economics Department, and eligibility for the study was checked again on the day of testing with a brief questionnaire on exclusion criteria (see Supplemental Experimental Procedures). Participants for this study were selectively recruited to ensure the food choices in our task would represent self-control challenges for them and they would respond similarly to the stress induction (see Supplemental Experimental Procedures). Specifically, we recruited individuals who reported making an effort to eat a healthy diet and exercise regularly, but also still enjoyed and frequently consumed relatively unhealthy junk food items. Participants randomly assigned to the stress and control groups did not differ in the self-reported typical weekly mean number of times they consumed fruit and vegetables (stress = 10.3 ± SD of 3.3, controls = 10.3 ± 3.0), undertook strength or cardiovascular training (stress = 3.4 ± 2.2, controls = 3.7 ± 1.9), or ate junk food items (stress = 7.7 ± 3.6, controls = 7.6 ± 4.2).
Experimental Timeline
Participants spent a total of 3 hr in the lab. They first rated 180 food items for healthiness, tastiness, and their overall appetitive value. Food items were shown as color images on a computer monitor. Participants then completed the SECPT or the control procedure. They were positioned in the scanner directly afterward and started working on the food choice paradigm at minute 12-17 after stressor onset, allowing for a cortisol peak measurement right after the first fMRI run and another measurement after the third run, 40-45 min after stressor onset. Each run took 7 min; thus, the peak of the cortisol measurement was reached during the behavioral task, and cortisol values in the stress group stayed elevated during the whole scan time compared to the control group. After the scanning session, participants completed a battery of psychometric questionnaires (see Supplemental Experimental Procedures) and the last saliva measurement, after which they received their chosen food, were debriefed, and paid for their participation.
Stress Induction
Stress induction and scanning always took place between 2:00 and 5:00 p.m. to account for the diurnal rhythm of cortisol. Participants (n = 29) were randomly allocated to the SECPT (Schwabe et al., 2008) . Participants had to immerse their hand in an ice water bath (0-4 C) for 3 min while being videotaped and monitored by the experimenter. They were instructed not to communicate and were informed the experimenter would indicate when the test was over. Participants were allowed to remove their hand from the water bath any time, but if they did (n = 5, see Supplemental Experimental Procedures), they were asked to keep looking into the camera until the 3-min test time was over and were instructed that they could try re-inserting their hand in the water. In the control condition, 22 participants had to keep their hand in a warm water bath (35-35 C) for 3 min while the experimenter was in the room but did not videotape them.
Choice Task
Overall, participants made 210 choices (70 in each run) between two food items that were presented on a screen. Choice screens (3 s) were presented with a jittered inter-trial interval of 2-6 s. One choice was randomly drawn at the end, and participants had to eat the item they chose in this trial during the 30-min waiting period. The participants' goal was to choose the healthier of the two items whenever possible, and we reminded them of this goal in between trials with a health symbol in place of the standard fixation cross. To test whether an explicitly wrong recommendation (to eat the less healthy item) would affect the behavior of stressed participants, we recommended in 60 trials to choose the less healthy food. In 120 trials, we recommended-in line with the participants' ratings-choosing the healthier item. The remaining 30 trials had no recommendation and served as a baseline. A white frame around the food item indicated our recommendation; when we gave no recommendation, the white frame appeared around the fixation cross (see Figure 1 and Supplemental Experimental Procedures).
Cortisol, Heart Rate, and Blood Pressure Measurements Behavioral pilots with the SECPT indicated that salivary cortisol would peak 20-25 min after stressor onset. Therefore, salivary cortisol was collected at minutes +1 after stressor/control offset and at minutes +25, +45, and +70 after stressor/control onset with a Salivette swab (Sarstedt); samples were stored at À20 C until analysis (see Supplemental Experimental Procedures).
Heart rate was measured throughout the stress/control session (a baseline was collected beforehand) with a Polar RS 800CX watch, and throughout the fMRI session with the built-in electrocardiogram (ECG) system of the scanner. Diastolic and systolic blood pressure was recorded directly before and after participants immersed their hand in the water bath. In line with previous reports, blood pressure and pulse did not differ significantly between stress and control participants either before or after the SECPT procedure (Schwabe et al., 2008) .
Self-Report Ratings
Immediately after completing the stress/control procedure, participants indicated on a VAS their PSL; how much they felt in control of the situation; and how angry, sad, happy, anxious, and hungry they felt. All rating scales ranged from 0 (not at all) to 100 (extremely) (see Supplemental Experimental Procedures).
Behavioral Analyses Logistic Regression over All Choices
We examined the impact of taste and health attributes as well as recommendations on each participant's choices by computing the following logistic regression:
in which CL is a binary choice vector taking the value of 1 whenever the left option is selected and 0 otherwise, and the subscripts L and R denote the taste, health, and recommendation status of the left and right items, respectively. Recommendation regressors took the value of 1 whenever that food was recommended and 0 otherwise. Taste and health ratings for each participant were measured using a VAS and Z scored within participants. Differences in the regression coefficients between the stress and control groups were assessed using two sample t tests. Logistic Regression for Self-Control Failure We modeled the probability of self-control failure in a generalized linear mixedeffects model fit by maximum likelihood (Laplace approximation) as a function of the binary variable group (stress, control) and continuous variables of PSL and cortisol level at the subject level, and the difference in health and taste between both items and the recommendations at the trial level. The model included all one-, two-, and three-way interactions between subject-level variables and the three trial-level variables (see Table S1 for the full listing). For clarity we present the model with only trial-level variables as follows:
SCF is a binary vector taking the value of 1 whenever the participant chooses a less healthy but tastier item (i.e., self-control failure). T diff is the absolute value of the difference in taste ratings between the two foods, and H diff is the absolute value of the difference in health ratings between the two foods. HRec takes the value of 1 whenever the healthier food is recommended, 0 when there is no recommendation, and À1 when the less healthy food is recommended. The subject-level variables PSL and cortisol were Z scored across participants.
Note that repeating the model with rank-transformed AUC cortisol values yielded similar results (see Table S2 ).
fMRI Models
The details of the fMRI data acquisition and preprocessing are given in the Supplemental Experimental Procedures.
For each fMRI analysis, we computed GLMs at the single-subject level with the Statistical Parametric Mapping (SPM8, Update Rev. 5236; RRID: nif-0000-00343; Functional Imaging Laboratory, University College London) software suite in MATLAB (RRID: nlx_153890), and we examined the results at the second, group level using non-parametric permutation tests (n = 5,000 permutations) with threshold-free cluster enhancement (TFCE) as implemented in the Randomize function from the FMRIB Software Library 5.0 (RRID: nif-0000-00305; FSL; FMRIB) (Hayasaka and Nichols, 2003; Jenkinson et al., 2012) . All results are reported FWE corrected and all coordinates are given in Montreal Neurological Institute (MNI) space.
GLM-FV
To examine neural correlates for the subjective value of the chosen food, we constructed a model with regressors identifying three events of interest (GLM-FV) as follows: (1) all choices, (2) trials when the recommended item was chosen, and (3) trials when the recommended item was not chosen. Two parametric modulators were included with the first regressor for all choices as follows: (1) the subjective value of the chosen item (FVc), and (2) the subjective value of the non-chosen food item (FVnc) . Food values for the chosen and non-chosen food were computed as a weighted addition of the taste and health attributes with the weights derived from the logistic regression over all choices described in Equation 1. In this and all other fMRI analyses, the regressors were defined as boxcar functions with duration equal to the RT on that trial, and regressors for head motion, cardiac, and respiratory effects were included to account for BOLD signal variability associated with these effects.
We computed first-level contrasts for the following: (1) FVc and (2) FVcFVnc. Lastly, we calculated one-and two-sample permutation tests to identify activity for all participants or to compare the stress and control groups on each measure, respectively.
GLM-HT
In GLM-HT, we examined the effects of health, taste, and recommendations on BOLD activity using a model with regressors identifying five events of interest as follows: (1) all choice onsets, (2) trials in which the healthier food was recommended and chosen, (3) trials in which the healthier food was recommended and not chosen, (4) trials in which the less healthy food was recommended and chosen, and (5) trials in which the less healthy food was recommended and not chosen. Four parametric modulators were included with the first regressor for all choices as follows: (1) health rating for chosen item (Hc), (2) taste rating for chosen item (Tc), (3) health rating for non-chosen item (Hnc), and (4) taste rating for non-chosen item (Tnc). These parametric regressors were not orthogonalized with respect to one another.
We computed first-level contrasts for the following: (1) Tc, (2) Tnc, (3) Hc, (4) Hnc, (5) Tc-Tnc, and (6) Hc-Hnc. Next, we computed a two-sample permutation test between the stress and control groups comparing the relative taste value (Tc-Tnc) and relative health value (Hc-Hnc) signals and covariate permutation tests to identify effects associated with individual differences in PSL and cortisol levels. In the relative taste value analysis, we corrected for multiple comparisons within an anatomically defined ROI encompassing all voxels with a non-zero probability of belonging to the bilateral amygdalae or nucleus accumbens, as defined by the Harvard-Oxford subcortical atlas (Desikan et al., 2006) .
GLM-OR
The behavioral analyses showed that both stressed and control participants were able to override recommendations for the less healthy item that were incongruent with their health goal. Thus, we expanded the original GLM-FV to include five (as opposed to the original three) events of interest as follows: (1) all choices, (2) trials in which the healthier food was recommended and chosen, (3) trials in which the healthier food was recommended and not chosen, (4) trials in which the less healthy food was recommended and chosen, and (5) trials in which the less healthy food was recommended and not chosen. Regressor 1 was parametrically modulated by (1) the subjective value of the chosen food (FVc), and (2) the subjective value of the non-chosen food (FVnc).
We computed first-level contrasts for the difference between choosing the healthier versus the less healthy food following a recommendation for the less healthy food (regressors 5 and 4). Lastly, we calculated one-and twosample permutation tests to identify activity for all participants or to compare the stress and control groups, respectively. PPI To investigate whether the effective connectivity of the vmPFC node of the valuation system identified in GLM-FV differed between stressed and control participants during choices in which they selected the tastier item, we ran a PPI analysis. First, we created a vmPFC time series by extracting the first eigenvariate from a 5-mm sphere surrounding the subject-specific peak voxel for the parametric effect of FVc from GLM-FV within a functional vmPFC mask defined by all significant voxels in the analysis over all participants at p = 0.005 uncorrected. Second, we computed the interaction terms between the vmPFC and (1) PPI-T, a regressor identifying all trials in which the participant chose the tastier item; or (2) PPI-H, a regressor identifying all trials in which the participant chose the healthier item. Third, we estimated a PPI GLM including the following regressors: (1) trials when the healthier item was chosen, (2) trials when the tastier item was chosen, (3) the vmPFC seed time course, (4) PPI-H, and (5) PPI-T.
We computed the first-level contrasts for PPI-T and PPI-H minus PPI-T. Lastly, we computed two-sample permutation tests to identify significant differences in these contrasts between the stress versus control groups and covariate permutation tests to identify PPI effects associated with individual differences in PSL and cortisol levels. 
